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Ferromagnetic Quantum Critical Fluctuations and Anomalous Coexistence of 
Ferromagnet ism and Superconductivity in UCoGe Revealed by Co-NMR and NQR 
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Co nuclear magnetic resonance (NMR) and nuclear quadrupole resonance (NQR) studies 
were carried out for the recently discovered UCoGe, in which the ferromagnetic and supercon- 
ducting (SC) transitions are reported to occur at Tcuric ~ 3 K and Ts ~ 0.8 K (N. T. Ifuy et al, 
Phys. Rev. Lett. 99 (2007) 067006), in order to investigate the coexistence of ferromagnetism 
and superconductivity as well as the normal-state and SC properties from a microscopic point 
of view. From the nuclear spin-lattice relaxation rate l/Ti and Knight-shift measurements, we 
confirm that ferromagnetic fluctuations that possess a quantum critical character are present 
above Tcurie and also the occurrence of a ferromagnetic transition at 2.5 K in our polycrys- 
talline sample. The magnetic fluctuations in the normal state show that UCoGe is an itinerant 
ferromagnet similar to ZrZng and YC02. The onset SC transition is identified at Ts ~ 0.7 K, 
below which 1 /Ti arising from 30% of the volume fraction starts to decrease due to the opening 
of the SC gap. This component of 1/Ti, which follows a T^ dependence in the temperature 
range 0.3 — 0.1 K, coexists with the magnetic components of l/Ti showing a VT dependence 
below Ts. From the NQR measurements in the SC state, we suggest that the self-induced 
vortex state is realized in UCoGe. 

KEYWORDS: UCoGe, ferromagnetic superconductor, Co-NIVIR and NQR, coexistence 



Since the discovery of superconductivity in ferromag- 
netic compounds under high pressure,^' ^ the concept of 
the interplay between magnetism and superconductiv- 
ity was changed, because ferromagnetism and supercon- 
ductivity are considered to be mutually exclusive. The 
pressure studies in UGe2 have shown that the super- 
conducting (SC) transition temperature T5 is higher in 
the pressure region where the ordered moments are en- 
hanced, and that superconductivity is not observed when 
the ferromagnetism disappears in a further higher pres- 
sure region.^ These results suggest that ferromagnetism 
seems to enhance the superconductivity in UGe2. In ad- 
dition, ambient-pressure ferromagnetic superconductiv- 
ity was discovered in URhGe, where Tcurio = 9.5 K and 
Ts ~ 0.25 K were reported.^ The relation between the 
ferromagnetism and superconductivity observed in the U 
compounds is one of the attractive topics for the com- 
munity studying strongly correlated electron systems. 

Quite recently, new ambient-pressure ferromagnetic 
superconductivity with Tcurio = 3 K and T5 ^ 0.8 K 
was found in UCoGe. ^ One of the advantages of UCoGe 
is that it includes "NMR-active" nucleus Co. In the NMR 
studies of ferromagnetic superconductors, Ge in UGe2 is 
replaced by ^^Ge with a nuclear spin and ^'^Ge nuclear 
quadrupole resonance (NQR) studies have been carried 
out by Kotegawa et al.^ and Harada et al."^'^ They have 
reported the SC properties and the relation between fer- 
romagnetism and superconductivity from the '''^Ge-NQR 
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Fig. 1. (Color online) Temperature dependence of <5xac under 
various magnetic fields below 9 kOe. 



results. In this paper, we show the detailed Co-NMR and 
NQR results of UCoGe, which are compared with the 
''■^Ge-NQR results of high-pressure UGe2. 

Polycrystalline UCoGe was prepared by the arc melt- 
ing method. The details will be reported in a separate 
paper. ^ Figure 1 shows the temperature dependence of 
Xac in various magnetic fields, which was obtained by 
measuring the self-inductance of an NMR coil with pow- 
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Fig. 2. (Color online) Field-sweep ^^Co-NMR spectra obtained 
at 18.2 MHz at various temperatures. The sharp signals shown 
by 63 Cu and ^SCu are the NMR signals arising from the NMR 
coil. K = shows the field where the Knight shift of ^®Co is 
zero. The dashed curve traces the NMR-signal peak arising from 
the 1/2 ^ —1/2 transition. 

dered UCoGe. A clear Meissner signal was observed in 
zero and magnetic fields, indicating that superconduc- 
tivity persists up to 9 kOe. In zero field, the onset and 
midpoint of the SC transition are estimated to be 0.7 
and 0.55 K, respectively. The Meissner behavior in zero 
field in our sample is consistent with that in a previous 
report.^ 

Figure 2 shows the '^^Co-NMR spectra of our powdered 
sample obtained by sweeping an external field at various 
temperatures. A symmetric NMR spectrum with several 
satellite peaks at higher temperatures, indicative of the 
presence of the electric field gradient (EFG) at the Co 
site, becomes anisotropic with decreasing temperature. 
The shift of the gravity of the broad NMR spectra orig- 
inates from the isotropic component of the Knight shift. 
The NMR peak arising from the 1/2 —1/2 transition 
shifts significantly with respect to temperature. The shift 
of this peak is traced by the dashed curve in Fig. 2. 

Figure 3 shows the temperature dependence of the 
Knight shift ^^K evaluated from the peak arising from 
the 1/2 ^ ^1/2 transition, along with the magnetiza- 
tion M divided by H at 15 kOe. The temperature de- 
pendence of ^^K is well scaled with M/H. With decreas- 
ing T, ^^K becomes so large that it increases up to 35% 
at low temperatures. It is confirmed that the Curie be- 
havior in M/H is microscopically intrinsic. It should be 
noted that the ^^K and Co-NMR spectra do not change 
through Tcurio '^-^ 3 K, showing that the ferromagnetic 
transition is smeared out in the magnetic fields. This is 
characteristic of the ferromagnetic transition. From the 
linear relationship between ^^K and M/H, the hyper- 
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Fig. 3. Temperature dependence of the °^Co Knight shift eval- 
uated from the 1/2 ^ —1/2 transition of the spectra shown in 
Fig. 2. The temperature dependence of M/H measured in 15 
kOe is shown in the same figure. The inset is the ^^K — M/H 
plot. 
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Fig. 4. Co-NQR spectra at 4.2 K (above Tcuric: (a)), 1.5 K (be- 
low Tcurio; (b)), and 95 mK (the lowest temperature in the mea- 
surements: (c)). The NQR spectrum at 95 mK can be understood 
by the superposition of the two NQR spectra arising from the 
regions with and without the internal field. (Refer to the text). 

fine coupling constant Hm at the Co site and the or- 
bital shift Korh are estimated to be 79 ± 1 kOe/^s and 
—0.96 ± 0.22%, respectively. From the positive value of 
i?hf and the predominance of the isotropic term in the 
Knight shift, it is considered that the core polarization 
effect by Co-3d electrons is not dominant but the trans- 
ferred contribution from U-5/ electrons by way of Co-4s 
orbits is dominant at the Co-nuclear site. The Co Knight- 
shift results indicate that U-5/ electrons play a crucial 
role for the ferromagnetism in UCoGe. 

Three Co-NQR signals were observed at the peaks of 
4.8, 5.2, and 8.3 MHz at 4.2 K, as shown in Fig. 4. From 
these signals, we evaluated the NQR parameters Vzz, 
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Fig. 5. (Color online) The main graph is the temperature depen- 
dence of 1/Ti measured at the Co-NQR signal of 8.3 MHz. The 
values of 1/Ti above (below) 1.5 K are shown by open (gray and 
black) circles with respect to the right (left) axis due to the dif- 
ference in the l/Ti values by the measurement conditions (refer 
to the text). The scale of the left- hand-side axis is 0.58 that of the 
right-hand-side axis. The insets are the recoveries of the nuclear 
magnetization after a saturation pulse. The dotted curves in the 
insets are the fitting curves for evaluating 1/Ti. The recoveries 
above Tg are fitted by a single component of l/Ti, as shown in 
the insets of (a) and (b). Two components of 1/Ti are observed 
below Ts, as shown in the inset of (c). The longer (black circles) 
and shorter (gray circles) components of 1/Ti are plotted in the 
main figure. The dotted curve below T5 represents the temper- 
ature dependence of l/Ti calculated using the 3-D polar model 
with 2Ao/fe_BTs = 4. 

which is the NQR frequency along the principal axis of 
the EFG, to be 2.85 MHz and an asymmetric parameter 
77 to be 0.52. The large rj value shows that the symme- 
try of the Co site is lower than an axial symmetry. The 
Co-NQR spectra affected by the internal fields at the Co 
site were observed at low temperatures. The spectrum 
change by temperature is discussed below. 

The nuclear spin- lattice relaxation rate 1 /Ti of Co in 
zero magnetic field was measured at the NQR signal ob- 
served at 8.3 MHz denoted as in Fig. 4. Figure 5 
shows the temperature dependence of 1/Ti of Co over 
the wide temperature range between 95 mK and 150 K. 
It was found that the values of l/Ti below 10 K depend 
on the NQR pulse conditions. This is considered to be 
due to the development of the short-range ferromagnetic 
correlations. The details of this will be reported else- 
where. Thus, the values of l/Ti above and below 1.5 
K are shown by different axes because the measurement 
conditions change around 1.5 K. The insets show the re- 
covery curves m{t) of the nuclear magnetization M{t) 
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Fig. 6. (Color online) Temperature dependence of 1/T\T in zero 
field and Xbulk measured in 1 kOe. The dashed curve shows a 

dependence, which is expected at the FM critical point. 
The inset is the plot of 1/T\T against Xbulk- 

at a time t after a saturation pulse at three character- 
istic temperatures. Above T5, the recovery curves were 
almost consistently determined with a single component 
of 1/Ti, as observed in the insets (a) and (b). 

First of all, we discuss the magnetic properties in the 
normal state on the basis of the 1/Ti and ^'^K results. 
In general, l/Ti divided by temperature l/TiT is related 
to the low-energy part of the g-dependent dynamical sus- 
ceptibility in compounds. The spin-fluctuation character 
in compounds can be known from the comparison be- 
tween 1/TiT and x or Knight shift. The main plot of 
Fig. 6 shows the temperature dependence of l/TiT in 
zero field, together with that of Xbuik in 1 kOe. The good 
linear relation was found between 1/TiT and Xbuik, as 
shown in the inset. This clearly proves that ferromagnetic 
(FM) fluctuations are dominant in UCoGe, since the dy- 
namical susceptibility revealed by l/TiT is determined 
by the q = susceptibility. The relation l/TiT oc Xbuik is 
often observed in weak and nearly FM compounds, ^^"^"^ 
and it is interpreted by the SCR theory. ^^'^^ Further- 
more, we point out that the temperature dependence 
of 1/TiT is close to a T-^/s dependence below 10 K, 
which is an expected behavior when a 3-D metal is close 
to the FM instability.-'^^ The characteristic energy of 
the spin fluctuation Tq is estimated to be Tq ~ 220 K 
from the Sommerfeld coefficient 7,^^' and according to 
the SCR calculation, l/TiT is close to a r-4/3 depen- 
dence below T/Tq < 0.1.^^ Therefore, the observation of 
1/TiT ^ r^4/3 i-iqIq-^^ 2.0 K is reasonable and suggests 
that UCoGe possesses an FM quantum critical character. 

Although a clear anomaly was observed in l/TiT at 
Jcuric, the NQR spectra of and 1^2 are almost un- 
changed even at 1.5 K, as observed in Fig. 4, indicative 
of the absence of the static internal field down to 1.5 
K. This might be related to the FM quantum critical 
character because it is anticipated that ferromagnetism 
develops gradually near the quantum critical point. By 
further lowering the temperature, new NQR signals af- 
fected by the static fields start to develop below 1 K. 
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The Co-NQR spectra at 95 mK shown in Fig. 4 (c) can 
be understood with the superposition of two NQR spec- 
tra; one is the Co-NQR spectra without the internal field 
("nonmagnetic" NQR signals), and the other is the Co- 
NQR spectra afi^ected by the internal field at the Co site 
( "magnetic" NQR signal) . The magnitude of the internal 
fields of the magnetic NQR signal is approximately 400 
Oe, and its direction is almost perpendicular to the prin- 
cipal axis of the EFG. In Fig. 4, the calculated resonance 
frequencies are shown by arrow. The NQR spectra in 
the FM state indicate that there exist two Co sites with 
and without the internal magnetic fields. Furthermore, 
the temperature variation of the NQR spectrum in the 
FM state shows a first-order-like behavior because the 
internal field of the magnetic NQR signal is independent 
of temperature and only a fraction of the magnetic and 
nonmagnetic NQR signals changes by due to tempera- 
ture. 

Next, we discuss the SC properties revealed by the 
1/Ti measurement. Below 0.7 K, which is the onset tem- 
perature of the SC transition, the longer component of 
Ti ascribed to the opening of the SC gap was observed in 
m{t), as shown in the inset (c) of Fig. 5. The longer and 
shorter components of 1 /Ti are shown in the main panel 
of Fig. 5. The longer component of l/Ti is estimated 
to be 30% of the total relaxation component, which is 
determined by the extrapolation of m(<) to t — 0, and 
it follows a dependence below 0.3 K down to 0.1 K. 
The dependence of 1/Ti suggests the presence of line 
nodes in the SC gap, and the complete T dependence of 
l/Ti below Ts can be interpreted by the 3-D polar state 
with A{8) = Aocosfl. The T dependence of 1/Ti calcu- 
lated using the model is shown in Fig. 5 with the dotted 
curve below Ts, where the magnitude of the SC gap is 
taken as 2Ao/kBTs = 4. The magnitude of the SC gap is 
quite comparable to that in UGe2.^'^ It should be noted 
that an appreciable Korringa (TiT = constant) behav- 
ior was not observed down to 95 mK, indicative of the 
small effect of the residual density of state. In contrast, 
the shorter component of 1/Ti shows a Vt dependence 
below Ts, suggestive of the persistence of the magnetic 
fluctuations down to 95 mK. It is quite unusual that mag- 
netic fluctuations continue to develop in the SC state. 

The underlying problem is the relation between 
the magnetism and superconductivity in UCoGe, i.e, 
whether superconductivity occurs only in the region 
without the internal fleld. To clarify this, we measure 
1/Ti at 95 mK at various low- frequency NQR peaks. Fig- 
ure 7 shows the recovery curves m{t) measured at differ- 
ent frequencies. Here, the peaks at 4.83 and 5.25 MHz are 
the Co-NQR signals mainly arising from the region with- 
out the internal fleld, and the peaks at 4.49 and 4.9 MHz 
are the NQR signals appearing below Tcuric, which are 
affected by the internal fleld, i.e. Co-NQR signals arising 
from the magnetic region. As observed in Fig. 7, m{t) 
measured at the 4 different peaks shows the same behav- 
ior, indicating that the superconducting fractions (30% of 
the total relaxation component) of the regions with and 
without the internal fields are not different. The same 
behavior of m{t) at the 4 peaks excludes the possibility 
that superconductivity occurs in one of the regions with 




0.01 



T=95mK 

□ 4.49 MHz 
• 4.83 MHz 
4.9 MHz 
■ 5.25 MHz 



50 



100 
time (msec) 



150 



200 



Fig. 7. (Color online) Co nuclear recoveries m,{t) measured at var- 
ious frequencies at 95 mK. The inset shows the NQR-signal peaks 
at 95 mK, where the recoveries are measured. 



and without the internal field; rather, superconductivity 
occurs in both regions from the NQR spectra. This sit- 
uation is different from the high-pressure ferromagnetic 
phase in UGe2 , where superconductivity is observed only 
in the ferromagnetic region.^ We also point out that the 
short 1/Ti component is quite similar in both regions 
with and without the internal field. This is considered to 
be because the ordered moment is as small as O.OSfiB at 
T = K. 

Next, we attempt to understand the presence of the 
two components of 1/Ti in the entire sample. We sug- 
gest the possibility of the self-induced vortex (SIV) state, 
which is considered to be realized when superconductiv- 
ity occurs in the ferromagnetic state. The condition for 
the realization of the SIV state is Hd < AnM < Hc2, 
where M is the net magnetization of a ferromagnet. 
When this condition is satisfied, the vortices are gen- 
erated spontaneously. In this case, it is considered that 
1/Ti in the SC state has two components arising from the 
SIV and SC regions, respectively. Recently, we observed 
two well-separated components of 1/Ti in the region close 
to the SC vortices in LaRu4Pi2.^° 

Another interesting possibility to be expected in 
UCoGe is the nonunitary spin-triplet state similar to 
the Al state in ^He superfluidity, where the SC gap 
opens only in the up-spin band and not in the down-spin 
band.^^ In this case, it is considered that the Korringa 
behavior with 1/4 of the magnitude of 1/TiT in the nor- 
mal state is anticipated to remain at low temperatures, 
which arises from the relaxation process occurring in the 
down-spin intraband. This possibility has been discussed 
in UGe2 from the ^^Ge-NQR studies.^ However, the ab- 
sence of such Korringa behavior in the low-temperature 
region seems to exclude this possibility. 

In conclusion, ferromagnetic and SC transitions were 
identified at Tcuric ~ 2.5 K and Ts ~ 0.7 K in our 
polycrystalline sample. Ferromagnetic fluctuations that 
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possess a quantum critical character are dominant above 
Tcurie from the l/Ti and Knight-shift measurements. We 
found that l/Ti equal to 30% of the total relaxation com- 
ponent starts to decrease below T5, accompanied by a 
dependence below 0.3 K, and that 1/Ti of the remaining 
component shows a \/T dependence, indicative of mag- 
netic fluctuations even below T5. From the present NQR 
measurements in the SC state, we suggest that the self- 
induced vortex state is realized in UCoGe. 
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